Abstract Influences of hydraulic pressure on forming features in micro hydro deep drawing are different from those in normal drawing due to the small size of specimens. In this study, micro hydro deep drawing of SUS304 sheets was carried out in order to study the impacts of the hydraulic pressure on the quality of the drawn cup. Experimental results indicate that there is a critical hydraulic pressure range from 3 to 6 % of the blank's initial yield stress, where wrinkling and earing development trends change twice. The wrinkling and the earing of the drawn cup also reach their local extremes in the critical pressure range. The cup earing value moves in the opposite direction from the wrinkling value. Hydraulic pressure affects the wrinkling and the earing of the drawn cup through changes in the micro-frictional condition, the shape of the blank and its strain-stress state. Micro-finite element (FE) simulation which takes these factors as well as the material size effects into consideration showed similar results to the experimental ones, thus validating the experimental results and the suitability of the micro-simulation model for microforming FE simulation. The experimental and simulation results indicate that the critical hydraulic pressure based on the blank's initial yield stress can restrict the wrinkling and the earing of the drawn cup. Ultra-high pressure has the potential to avoid the cup wrinkling and earing.
Introduction
Hydraulic pressure is a key factor in the hydro formation processes. It has been used to improve drawability, to simplify the processing and to improve product quality [1] [2] [3] [4] . In traditional hydro forming processes, for example, hydro deep drawing, the hydraulic pressure generally corresponds with the drawing process [5, 6] . A low hydraulic pressure for the pre-bulging followed by an increasing pressure at the first half and a decreasing pressure at the second half of the drawing process produces good drawn products. A proper pre-bulging process enhances the materials' formability due to reverse loading and work hardening [7] . During the drawing process, hydraulic pressure reduces the friction between the blank and the die, while also increasing beneficial contact between the blank and the punch, which acts as a holding force. Another effect is that wrinkling is limited due to an increase in the contact force between the blank and the blank holder, though this causes an increase in the adverse friction force. The effective fillet radii of the blank near the punch nose and the die shoulder reduced as the hydraulic pressure increased. This means that moderate pressure can preserve the balance between shape accuracy and material drawability due to the reduction of the effective fillet radii. Overall, properly designed hydraulic pressure improves the forming process through the change of the material strain-stress state, friction conditions and transitional geometry during the drawing process.
Driven by increasing requirements of micro-metal products, micro deep drawing has been introduced to manufacture various micro-cups and micro-boxes. With an attempt to improve the quality of micro deep drawn cups, micro hydro deep drawing (MHDD) has been introduced [8] [9] [10] [11] . This means, however, that the impacts of hydraulic pressure are changed in the micro hydro deep drawing due to the minute sizes of the toolset and the blank [12] . The change of material properties directly influences the deformation of the blank [13] . Rated geometrical parameters, such as the bending ratio at the die corner and the punch nose, and relative punch diameter, have different effects on the drawing process due to the thickness of the blank [14, 15] . The friction condition in the micro-scale is anisotropic and different from that of the normal scale drawing process. This means that local friction conditions rather than global friction conditions must be considered in the microscale [16, 17] . The Open and closed lubricant pocket theory has been used as an explanation for the friction change [18, 19] . The fluid leakage, flow state and boundary effects are all different in the tiny gaps between the blank and the die [20] and the interaction between the blank and the fluid further increases the complexity of the influences of hydraulic pressure during hydro deep drawing.
In this study, the micro hydro deep drawing experiments were conducted to investigate the impacts of hydraulic pressure on the wrinkling and the earing of the drawn cup. The drawn cups were observed under a digital microscope and analysed by an image-processing program. The influences of hydraulic pressure on the wrinkling and the earing of the drawn cup are then discussed. Finally, the micro-scale finite element (FE) simulation considering the size effects and the micro-scale friction was compared with the experiments. The potential for avoiding wrinkling and earing of the drawn cup is discussed in this study taking into consideration the hydraulic pressure effects.
Experiment 2.1 Materials
The SUS304 sheets with a thickness of 50 ± 2 μm were divided into three groups and annealed at 975, 1050 and 1100°C for 2 min in an argon gas protection atmosphere, respectively. (They were entitled as 'H975', 'H1050' and 'H1100' sheets, respectively.) Their microstructures were of equiaxed crystals, and the average grain sizes were 10, 20 and 40 μm, respectively. With the change in the microstructures, mechanical properties such as initial yield strength and ultimate tensile strength were effectively altered. Due to the ultrathin thickness, the surfaces of the sheets were electro-polished and then etched by the ferric chloride for a few seconds. The etched sheets were observed by a high resolution laserassisted digital microscope (VK-X1000/X2000 series from ©Keyence). Figure 1 shows the microstructures of the three SUS304 sheets groups (Fig. 1a-c) and their true strain-stress curves (Fig. 1d ).
MHDD system
The micro hydro deep drawing system was developed based on the micro deep drawing system. Due to tiny sizes of the raw blank, a one-stroke blanking-drawing process was applied for the micro hydro deep drawing system. Figure 2a illustrates the one-stroke blanking-drawing system. During the first halfstroke, the blanking die and the blanking holder moved downwards together, while the die remains fixed. The die acted as the blanking punch and the blank for the subsequent micro deep drawing. Hydraulic pressure was not supplied at this stage. At the end of the first half stroke, the blank holder moved to its limiting position and held the blank with the die via a constant gap till the end of the drawing. Next, pressured oil was applied. Simultaneously, the punch continued drawing down and drew a cup under the hydraulic pressure. The whole MHDD process was completed and the cup was produced. Because of this design, difficulties in positioning and transporting the raw blank were eliminated.
The hydraulic station was linked to the micro deep drawing system to supply the hydraulic pressure. Its systematic view is shown in Fig. 2b . Mechanical hydraulic oil with a viscosity of 46 cSt was utilised as the working medium. The handleoperated directional valve (#10) was of a three-position fourpath valve with the 'M' function. At the start of the experiments, the valve was at its middle functional position, and the oil could flow back to the oil tank (#1) through the handleoperated valve without loading. When preparing for the working pressure, the handle-operated valve was moved to its left functional position, and the oil supplied by the pump (#6) was blocked. Once the pressure reached the designed working pressure controlled by the relief valve (#9), the oil flowed back to the oil tank through the relief valve. When all settings were ready, the handle-operated valve was set to its correct functional position, and the pressed oil was supplied for the MHDD experiments. Once a cup is drawn, the hydraulic station can be separated from the micro deep drawing system through quick coupling (#13) without stopping the pump. Thus, there is no need for resetting the working pressure for the next cup. One of the pressure gauges (#7.1) was used for pressure setting, while the other one (#7.2) was utilised for monitoring the hydraulic pressure during the MHDD experiments. The throttle valve (#11) was employed for adjustment of the oil flow rate. Because of the minute dimensions of the micro hydro deep drawing system, tiny gaps between the die/ blank holder and the blanking die/blanking holder were used to seal the pressurised oil. As the gaps were about 2∼4 μm, oil leakage was small and the amount of pressure lost was limited.
